Can gravity waves significantly impact PSC occurrence in the Antarctic? by R. M. Woollands et al.
Atmos. Chem. Phys., 9, 8825–8840, 2009
www.atmos-chem-phys.net/9/8825/2009/
© Author(s) 2009. This work is distributed under
the Creative Commons Attribution 3.0 License.
Atmospheric
Chemistry
and Physics
Can gravity waves signiﬁcantly impact PSC occurrence in the
Antarctic?
A. J. McDonald, S. E. George, and R. M. Woollands
Department of Physics and Astronomy, University of Canterbury, Private Bag 4800, Christchurch, New Zealand
Received: 11 December 2008 – Published in Atmos. Chem. Phys. Discuss.: 3 February 2009
Revised: 14 October 2009 – Accepted: 25 October 2009 – Published: 23 November 2009
Abstract. A combination of POAM III aerosol extinction
and CHAMP RO temperature measurements are used to ex-
amine the role of atmospheric gravity waves in the formation
of Antarctic Polar Stratospheric Clouds (PSCs). POAM III
aerosol extinction observations and quality ﬂag information
are used to identify Polar Stratospheric Clouds using an un-
supervised clustering algorithm.
A PSC proxy, derived by thresholding Met Ofﬁce tem-
perature analyses with the PSC Type Ia formation tempera-
ture (TNAT), shows general agreement with the results of the
POAM III analysis. However, in June the POAM III obser-
vations of PSC are more abundant than expected from tem-
perature threshold crossings in ﬁve out of the eight years ex-
amined. In addition, September and October PSC identiﬁed
using temperature thresholding is often signiﬁcantly higher
than that derived from POAM III; this observation probably
being due to dehydration and denitriﬁcation. Comparison
of the Met Ofﬁce temperature analyses with corresponding
CHAMP observations also suggests a small warm bias in the
Met Ofﬁce data in June. However, this bias cannot fully ex-
plain the differences observed.
Analysis of CHAMP data indicates that temperature per-
turbations associated with gravity waves may partially ex-
plain the enhanced PSC incidence observed in June (relative
to the Met Ofﬁce analyses). For this month, approximately
40% of the temperature threshold crossings observed using
CHAMP RO data are associated with small-scale perturba-
tions. Examination of the distribution of temperatures rela-
tive to TNAT shows a large proportion of June data to be close
to this threshold, potentially enhancing the importance of
gravity wave induced temperature perturbations. Inspection
of the longitudinal structure of PSC occurrence in June 2005
also shows that regions of enhancement are geographically
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associated with the Antarctic Peninsula; a known mountain
wave “hotspot”. The latitudinal variation of POAM III obser-
vations means that we only observe this region in June–July,
and thus the true pattern of enhanced PSC production may
continue operating into later months.
The analysis has shown that early in the Antarctic win-
ter stratospheric background temperatures are close to the
TNAT threshold(andPSCformation), andarethussensitiveto
temperatureperturbationsassociatedwithmountainwaveac-
tivity near the Antarctic peninsula (40% of PSC formation).
Later in the season, and at latitudes away from the peninsula,
temperature perturbations associated with gravity waves con-
tribute to about 15% of the observed PSC (a value which cor-
responds well to several previous studies). This lower value
is likely to be due to colder background temperatures already
achieving the TNAT threshold unaided. Additionally, there is
a reduction in the magnitude of gravity waves perturbations
observed as POAM III samples poleward of the peninsula.
1 Introduction
The role of PSCs in polar ozone depletion was ﬁrst identi-
ﬁed over twenty years ago (Solomon et al., 1986). Hetero-
geneous chemical reactions on PSC particles are the central
process in chlorine activation and consequent ozone deple-
tion. In addition to the activation of chlorine from reservoirs
of HCl and ClONO2, PSCs can also remove NOy (i.e. the
total odd nitrogen) from the lower stratosphere by incorpora-
tion of HNO3 from the gas phase and subsequent sedimen-
tation. This denitriﬁcation leads to a slower conversion of
active chlorine back to the reservoir species ClONO2.
In contrast to the Northern Hemisphere, very low strato-
spheric temperatures in the Antarctic winter generally lead to
an abundance of PSCs in the lower stratosphere (Poole and
Pitts, 1994). Three categories of PSCs are generally recog-
nized: Type Ia, composed of solid phase nitric acid trihydrate
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(NAT); Type Ib, composed of supercooled ternary solution
(STS, a liquid mixture of H2O, HNO3, and H2SO4); and
Type II, composed primarily of ice (see Lowe and MacKen-
zie, 2008, and references therein). These three categories
of PSC form at different temperatures in the stratosphere.
In particular, the NAT PSC formation temperature (TNAT)
is dependent on pressure, nitric acid and water vapour con-
centrations (Hanson and Mauersberger, 1988) and is signiﬁ-
cantly warmer than the ice frost point (TICE). The STS for-
mation temperature (TSTS) occurs approximately 3.5K be-
low the value of TNAT (Carslaw et al., 1994) and the ice frost
point temperature can be derived by using the formulation
described in Marti and Mauersberger (1993). Temperatures
are cool enough in the Antarctic stratosphere for all three
types of clouds to be present during the winter. The present
study examines the potential contribution of internal grav-
ity waves to PSC formation in the Antarctic stratosphere. In
the Arctic the temperature perturbations associated with in-
ternal gravity waves, particularly mountain waves, have been
shown to be responsible for the formation of a signiﬁcant
proportion of PSCs (Carslaw et al., 1998; H¨ opfner et al.,
2001). However, the observed relationship between Antarc-
tic PSC formation and low background temperatures has led
to less focus on wave induced PSC formation processes in
the Antarctic.
Recent studies have indicated that the temperature per-
turbations related to these waves may have a more signiﬁ-
cant effect on Antarctic PSC occurrence and have a poten-
tially important role in ozone depletion (Shibata et al., 2003;
H¨ opfner et al., 2006; Innis and Klekociuk, 2006; Eckermann
et al., 2009). Such effects may be particularly signiﬁcant
in early winter where temperatures hover close to PSC for-
mation temperature thresholds. Analysis by H¨ opfner et al.
(2006) has identiﬁed a signiﬁcant role of mountain waves
in the formation of PSC and subsequent denitriﬁcation in
the Antarctic. H¨ opfner et al. (2006) described spaceborne
infrared measurements of a vortex-wide area of NAT PSC
around Antarctica using the Michelson Interferometer for
Passive Atmospheric Sounding (MIPAS) instrument. Sim-
ulations for the period 10–12 June 2003 indicate the obser-
vations are likely to be associated with heterogeneous nucle-
ation on ice in the cooling phases of large-amplitude strato-
spheric mountain waves over the Antarctic Peninsula. The
process operating here is the same mountain wave NAT for-
mation model originally proposed by Carslaw et al. (1998)
for the Arctic winter stratosphere. Recent work by Ecker-
mann et al. (2009) examined the same MIPAS satellite obser-
vations over Antarctica with additional Atmospheric Infrared
Sounder (AIRS) data. Their study showed that large moun-
tain wave temperature perturbations produced NAT which is
advected to form a circumpolar NAT outbreak which concurs
with H¨ opfner et al. (2006).
Other studies have also examined the role of gravity waves
on PSC formation. For example, a ground-based lidar study
by Shibata et al. (2003) indicated that Type II PSCs occurred
when stratospheric temperatures dropped below TICE be-
cause of perturbations associated with inertia gravity waves.
Another lidar study by Innis and Klekociuk (2006) also es-
timated the inﬂuence of gravity waves on PSC occurrence.
Theyconcludedthatduringthe“PSCseason”whentheback-
ground temperature was close enough to the NAT formation
temperature (TNAT), derived in Hanson and Mauersberger
(1988), gravity wave perturbations inﬂuence PSC formation
approximately 15% of the time. Interestingly, this value is
similar to the ﬁndings of Felton et al. (2007) who concluded
Type Ia enhanced PSCs, which are likely to be NAT crys-
talswith unusuallylarge lidarbackscatteringratios whichap-
pear down wind of mountain wave-induced ice clouds (Tsias
et al., 1999), make up 11% of the clouds observed during the
SAGE III Ozone Loss and Validation Experiment (SOLVE)
campaign in winter 2000 in the Northern Hemisphere. How-
ever, the warmer mean temperature in the Arctic means that
this is likely to be coincidental. It is also worthy of mention
that Innis and Klekociuk (2006) found a clear relationship
between planetary wave temperature perturbations and PSC
occurrence on the edge of the Antarctic continent. Recent
analysis using data from CALIPSO (a space-borne lidar) has
also mentioned the potential importance of gravity waves on
PSC formation (Pitts et al., 2007; Noel et al., 2008). How-
ever, enhanced PSC formation has also been suggested to be
related to synoptic-scale motions (Teitelbaum et al., 2001;
Wang et al., 2008).
Previous work has shown that NAT PSC formation may be
implicitly linked to gravity wave temperature perturbations.
In particular, homogeneous NAT nucleation does not occur
directly on temperatures crossing TNAT. Rather, average tem-
peratures need to be below the TNAT threshold for a period
greater than a few days for nucleation to occur (Peter, 1997).
Carslaw et al. (1994) discusses NAT formation and indicates
that NAT may form by heterogeneous nucleation on pre-
existing ice particles which may form because of large tem-
perature perturbations produced by mountain waves. Work
by Fueglistaler et al. (2002) suggests that early season PSC
production associated with Type Ia or Ia enhanced clouds,
produced using the mechanism proposed in Carslaw et al.
(1994), can potentially be extremely important in denitriﬁ-
cation due to their role in the formation of extremely large
NAT particles if number densities within the clouds are high.
However, recent work has additionally identiﬁed a need for
NAT nucleation mechanisms which are independent of the
existence of ice particles, only requiring temperatures below
the existence temperature for NAT which is signiﬁcantly eas-
ier (approximately 7–8K warmer than TICE) to meet than the
demand for pre-existing ice particles.
Voigt et al. (2005) detailed measurements where the con-
ditions of particle formation are well enough constrained to
conclude that a PSC is observed in air parcels that spent less
than a day (approximately 18h) at temperatures no lower
than 3K below TNAT. Hitchman et al. (2003) also suggests
that a formation mechanism for Type Ia PSC must exist
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without the requirement for temperatures signiﬁcantly be-
low TNAT. Their study also highlights the potential impor-
tance of non-orographic gravity waves on PSC formation in
the Arctic. Pagan et al. (2004) conclude that Type Ia PSCs
can nucleate in relatively warm synoptic-scale temperature
ﬁelds and regions of strong mountain-wave activity with suf-
ﬁcient cooling to produce ice nuclei are not required. In ad-
dition, Irie et al. (2004) used ILAS trace gas and aerosol ex-
tinction measurements, AVHRR stratospheric ice cloud mea-
surements, and a microphysical box model to investigate pro-
cesses leading to denitriﬁcation in the Arctic vortex in Febru-
ary 1997. Their analysis suggest that sedimentation of NAD
or NAT particles formed through NAD freezing on aerosol
surfaces can cause signiﬁcant denitriﬁcation in the Arctic
vortex. Their analysis combined with the results in Pagan
et al. (2004) seem to conﬁrm that ice particle surfaces are not
a prerequisite for the formation of nitric acid hydrate PSCs.
Review of these and other studies detailed in the World Me-
teorological Organization (2007) report indicates increasing
evidence that processes occur above the ice frost point. How-
ever, the report indicates that whether these processes are ap-
plicable in the Antarctic requires investigation.
This study examines the relationship between PSC occur-
rence observed using POAM III observations and the occur-
rence expected based on Met Ofﬁce analyses and CHAMP
radio occultation measurements. The addition of high ver-
tical resolution CHAMP temperature observations provides
the possibility of identifying periods and spatial regions
where PSC formation associated with gravity wave induced
temperature perturbations may occur. Though it should be
noted that the CHAMP instrument, in a similar manner to
all limb viewing instruments, can only observe a portion of
the gravity wave spectrum. Comparison of the observations
from Met Ofﬁce analyses and CHAMP observations also al-
lows the sensitivity of PSC occurrence to temperature biases
in Met Ofﬁce analyses to be examined. In order to exam-
ine the importance of temperature and the impact of gravity
wave temperature perturbations we determine the probability
that a region is below various threshold temperatures relative
to the frequency of PSC observations made with POAM III.
This method has previously been used by many authors, in-
cluding Poole and Pitts (1994) and Saitoh et al. (2006).
In this study, Section 2 describes the POAM III and
CHAMP RO observations and also details a new unsuper-
vised clustering algorithm which is applied to POAM III
extinction measurements to identify PSC. Comparisons of
the observed probability of PSC occurrence relative to those
based on the occurrence of temperatures below the TNAT,
TSTS and TICE thresholds derived from Met Ofﬁce analyses
and CHAMP RO data are detailed in Sect. 3 and the interpre-
tation of these results is discussed in Sect. 4.
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Fig. 1. Seasonal variation of observation latitude measured by
POAM III.
2 Dataset and methodology
2.1 POAM III observations and the PSC identiﬁcation
algorithm
The POAM III instrument made observations of the upper
troposphere and stratosphere between its launch on the Satel-
lite Pour l’Observation de la Terre (SPOT) 4 satellite in
March 1998 and the end of 2005. POAM measures water
vapor, aerosol extinction, ozone, and nitrogen dioxide using
the solar occultation limb sounding technique (Lucke et al.,
1999). ThehighinclinationoftheSPOT4satelliteallowsoc-
cultations to be performed in both the northern and southern
polar regions. It should be noted that the POAM III sam-
pling volume is about 200km long, 30km wide, and 1km
thick and thus this data set will not capture very small-scale
features. The POAM III instrument provides 12 to 14 pro-
ﬁles per day in each hemisphere around a circle of latitude.
The latitude of the sampled region varies throughout the year
and varies from roughly 63◦ to 88◦ in the Southern Hemi-
sphere (see Fig. 1). This latitudinal variation of the solar oc-
cultation satellite observations implies an inherent sampling
issue when attempting to separate the impact of latitudinal
and temporal variations in this dataset. For example, Pitts
et al. (2007) has shown that sampling CALIPSO data at SAM
II latitudes moves the maximum PSC occurrence date from
early August to September due to the SAM II sampling be-
ing at the highest latitude sampled. The fact that both SAM
II and POAM III have similar sampling patterns means that
issues associated with sampling bias need to be considered.
Research completed using POAM III observations has fo-
cused on examinations of the spatial and temporal variability
of stratospheric ozone, aerosols, polar stratospheric clouds,
and polar mesospheric clouds.
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In this work, PSC occurrence is derived from POAM III
extinction measurements at 1.018µm and the ratio of the
1.018 to the 0.603µm extinction channels using a k-means
unsupervised clustering algorithm described in subsequent
paragraphs. Jakob and Tselioudis (2003) have previously uti-
lized a simple clustering algorithm for cloud regime identiﬁ-
cation in the Tropical Western Paciﬁc region and recent work
by Felton et al. (2007) has applied a clustering algorithm to
lidar observations of PSC. We use a similar method to that
indicated in Jakob and Tselioudis (2003) to separate differ-
ent types of PSC. Our algorithm can be used to identify both
Type Ia and Ib aerosols using the methodology described in
Strawa et al. (2002) except that the separation is based on an
unsupervisedclusteringalgorithm. However, inthisstudywe
do not differentiate between Type Ia and Ib PSC. The separa-
tionintodifferenttypeswillbelefttoafuturestudy. Itshould
be noted that this method provides similar PSC identiﬁcation
ability to algorithms described by Fromm et al. (2003).
The statistical method of cluster analysis is used to sep-
arate background aerosol extinctions from those associated
with PSCs. As its name suggests, cluster analysis searches
for possible “clusters” in a data set by evaluating some mea-
sure of distance between individual data points (in this study
weuseEuclideandistanceinextinctionratio/extinctionspace
to separate PSC and non-PSC observations and then an an-
gular measure can be used to separate PSC Type Ia and Ib
but is not utilized in this study). It should be noted that
to ensure that neither the extinction at 1.018µm or the ra-
tio of 1.018 to the 0.603µm extinction channels dominate
in the clustering procedure the values are normalized. Note
that in this case a “data point” is an individual set of mea-
surements of aerosol extinction from POAM III at a speciﬁc
altitude and geographical location. The k-means clustering
algorithm used in this study, iteratively searches for a pre-
deﬁned number (k) of clusters, two in this case, using the
following scheme:
1. k elements of the data set of size N are selected at ran-
dom as distinct cluster members;
2. each of the remaining N-k elements are assigned to the
cluster with the nearest centroid (based on Euclidean
distance in extinction ratio/extinction) whereby after
each assignment the centroid of the cluster is recalcu-
lated; and
3. after all elements have been assigned the centroids
found in step 2 are used as new seed points and the al-
gorithm is iterated.
Normally fewer than ten iterations are sufﬁcient for the
convergence of the algorithm. Note that the random selection
of data points indicated in the algorithm does not work on
observations from the Arctic because of the small number of
observations which include PSC. This is because it becomes
difﬁcult to identify physically meaningful clusters initially at
random. Thus, some apriori knowledge to select likely PSCs
would be required. For example, a methodology similar to
Fromm et al. (2003) could be used.
It should be noted at this point that other studies (Fromm
et al., 1997, 2003) have indicated that the high extinctions as-
sociated with Type II PSC can cause the termination or com-
mencement of occultation events at anomalously high alti-
tudes. This is caused by the PSC having large opacity and/or
size preventing POAM III from measuring lower. Thus, the
extinctionmeasurementsaremostusefulforidentifyingType
I PSCs and will undersample Type II PSCs. To reduce this
bias we then utilize quality ﬂags, often referred to as ZMIN
ﬂags, to identify proﬁles with anomalously high commence-
ment of occultation events and include these in the statistics
shown later.
2.2 CHAMP RO and Met Ofﬁce observations
This study also employs data from the radio occultation (RO)
experiment onboard the CHAMP satellite available from
2002 to 2005. In this experiment GPS radio signal bend-
ing due to atmospheric refractivity is measured to determine
proﬁles of atmospheric parameters. The data was processed
and provided by the GeoForschungsZentrum (GFZ) Pots-
dam. Version 005 were used for this study. Speciﬁc infor-
mation on the processing method used is detailed in Wick-
ert et al. (2004). The CHAMP satellite has an inclination
of 87◦ and therefore the data distribution over the globe is
nearly uniform. Inversion of bending angle information al-
lows the instrument to produce approximately 150–200 pro-
ﬁles of dry temperature each day over the globe. The dry
temperature is the temperature that results from an inversion
process that assumes that the radio refractive index variation
observed by radio occultation satellites is related to tempera-
ture variations only and this is a very good assumption in the
dry stratosphere. Dry temperature therefore represents the
true atmospheric temperature very accurately in this region.
From Fresnel diffraction theory it can be shown that the
proﬁles have a true vertical resolution of approximately
1.4kminthestratosphere. However, thedataisover-sampled
and provided by the GFZ at a vertical spacing of 200m. The
horizontal resolution of an occultation is 200–400km along
the line of sight (LOS) and on the order of 1–3km across
the LOS. A large number of studies have described the qual-
ity of these temperature measurements. In particular, com-
parisons of CHAMP RO measurements with analyses and
radiosonde observations display excellent agreement (Wick-
ert et al., 2004; Gobiet et al., 2005; Parrondo et al., 2007;
Wang and Lin, 2007). For example, Wickert et al. (2004)
compared CHAMP dry temperature with interpolated data
from ECMWF meteorological analyses with co-located and
near simultaneous radiosonde observations between 10 and
35km. Biases between ECMWF and CHAMP RO proﬁles
are less than 0.5K, while comparison using radiosonde ob-
servations and RO proﬁles indicates nearly no bias between
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approximately 9 and 27km. This lack of bias between the
observational data sets suggests deviations of the analyses
from the real atmospheric situation. Work by Gobiet et al.
(2005) which compares ECMWF operational analyses with
CHAMP RO data found close overall agreement worldwide,
apart from discrepancies in the Antarctic stratosphere where
cold biases up to −2.5K and warm biases up to +3.5K were
observed.
These and other previous analyses led Wang and Lin
(2007) to use COSMIC RO soundings to examine the distri-
bution of the coldest atmospheric temperatures in the Antarc-
tic stratosphere. Their study suggests that these high qual-
ity measurements of vertical temperature structure over the
Antarctic region are potentially important inputs for mod-
els that predict polar stratospheric clouds occurrence and
stratospheric ozone depletion (Huck et al., 2005). Very re-
cent work by Juarez et al. (2009) indicated that CHAMP
RO observations are able to detect more PSC-prone temper-
ature proﬁles during winters with disturbed conditions in the
Arctic than the ECMWF analyses. Those authors consider
that this is due to the ability of CHAMP RO to detect short-
vertical wavelength features which may represent either lo-
calized gravity or global-scale planetary waves.
In this study, CHAMP observations are utilized to quan-
tify the magnitude of the background temperature and per-
turbations associated with gravity waves. However, the res-
olution of the CHAMP observations has a direct impact on
the observability of different portions of the gravity wave
spectrum and this needs to be considered. Work by Lange
and Jacobi (2003) shows that while the weighting function
of the RO measurements is 200–400km along the LOS, the
GPS measurements are sensitive to gravity waves with hor-
izontal wavelengths greater than 100km and vertical wave-
lengths between approximately 1.4 and 10km. This is par-
tially associated with the LOS having a parabolic path in the
atmosphere and also the fact that the plane waves visible will
depend on the angle between the LOS and the wavefronts.
When the LOS is perpendicular to the wavefronts then spa-
tial averaging will signiﬁcantly affect the wave activity ob-
served. In particular, work by de la Torre and Alexander
(2005) has shown that the observability of mountain waves,
which have horizontal wavelengths of tens to hundreds of
kilometers, can be signiﬁcantly impacted. Further work by
Baumgaertner and McDonald (2007) suggested that the pre-
ponderance of LOS within 30 degrees of the north/south axis
in the Antarctic region means that the viewing geometry over
the Antarctic Peninsula and the Trans-Antarctic Mountains
potentially favoured the detection of the mountain waves by
CHAMP in these regions. However, all this previous work
suggests that CHAMP RO measurements observe a limited
portion of the gravity wave ﬁeld. A study detailed in McDon-
ald and Hertzog (2008) which compared coincident CHAMP
and in-situ super-pressure balloon measurements of the grav-
ity wave ﬁeld suggests that overall the wave ﬁeld is such that
CHAMP underestimates the magnitude of the potential en-
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Fig. 2. Contour plot of the NAT PSC formation temperature
(Kelvin) as a function of nitric acid and water mixing ratios at 18km
(Function based on Hanson and Mauersberger (1988)).
ergy per unit mass. Thus, in any analysis CHAMP would
likely provide a conservative estimate of the impact of tem-
perature perturbations associated with gravity waves. Ancil-
lary proﬁles of temperature and pressure from the Met Ofﬁce
analyses which have been interpolated to the location and
time of the POAM III measurements have also been used in
this study. The details of the Met Ofﬁce analyses are de-
scribed in Lorenc et al. (2000).
2.3 PSC temperature thresholds
In our analysis temperatures obtained from CHAMP obser-
vations and Met Ofﬁce analyses are used to determine the
frequency of temperatures below various temperature thresh-
olds. The NAT formation temperature, TNAT, at 18km as
derived using the formulation of Hanson and Mauersberger
(1988) which is a function of nitric acid, water vapour con-
centrations and pressure is shown in Fig. 2, the ranges se-
lected are typical of concentrations in the polar stratosphere.
Figure 2 clearly shows that TNAT varies much more as a func-
tion of water vapour than nitric acid mixing ratios for the
ranges typical of the Antarctic stratosphere chosen in this di-
agram. The selection of these values is based on nitric acid
concentrations identiﬁed in Santee et al. (2007) and typical
water vapour concentrations at this altitude measured by the
POAM III instrument (see Fig. 3). The probability of cross-
ing the NAT formation temperature threshold is thus deter-
mined by comparing Met Ofﬁce and CHAMP temperature
observations at a speciﬁc altitude with the TNAT threshold
derived using the formulation of Hanson and Mauersberger
(1988)forthataltitude. TheH2Ovariationusedistakenfrom
the POAM III observations and a constant nitric acid mix-
ing ratio of 10ppbv is assumed unless indicated otherwise
in the text. As previously indicated this study assumes the
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Fig. 3. Time-altitude contour plot of the H2O mixing ratio (ppmv)
derived from POAM III observations for the period January 2002 to
December 2005.
STS formation temperature occurs at 3.5K below the value
of TNAT (Carslaw et al., 1994) and the ice frost point tem-
perature is derived using the empirical formulae identiﬁed in
Marti and Mauersberger (1993).
A time-altitude contour plot of the water vapour mixing
ratio for the period January 2002 to December 2005, used in
the temperature threshold calculations utilized in the rest of
this paper, is shown in Fig. 3. Examination of the seasonal
variation of water vapour mixing ratio displays a consistent
irreversible dehydration potentially associated with the sed-
imentation of ice PSC at altitudes between 12 and 20km
between August and September each year. Nedoluha et al.
(2003) indicates that the higher water vapour mixing ratios
observed at elevated altitudes are likely to be associated with
moist air moving into the region via diabatic descent.
Uncertainties on the probabilities displayed later in this
study are derived assuming a binomial distribution in a sim-
ilar manner to that utilized in Alfred et al. (2007). The stan-
dard deviation of a binomial distribution, σ, can be written
as:
σ =
p
Np(1−p) (1)
where N is the number of observations and p is the proba-
bility. This number indicates the number of observations that
might occur by chance and thus needs to be divided by the
total number of observations to determine the uncertainty on
the probability.
3 Results
Figure 4 displays a time-altitude contour plot of the median
Met Ofﬁce analysis temperature interpolated to the positions
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Fig. 4. Time-altitude contour plot of the median temperature
(Kelvin) derived from Met Ofﬁce analyses data interpolated to
POAM III measurement locations in 2000. The full green line in-
dicates the 25% PSC probability contour and the dotted green line
indicates the 75% PSC probability contour, these contours being de-
rived from POAM III extinction measurements. Note that the tick
marks on the date axis indicate the ﬁrst day of the month.
of POAM III observations for 2000. Overlaid are the 25 and
75% PSC probability contours determined from POAM III
extinction measurements. To ensure a large enough statisti-
calsample, probabilitiesarecalculatedusingasliding10-day
window. Examination of Fig. 4 suggests a qualitative corre-
spondence between cool temperatures and PSC occurrence.
Figure 5 displays the probability of temperatures below
TNAT based on Met Ofﬁce analyses (red line), the STS PSC
formation temperature (green line), TSTS, and the ice nucle-
ation temperature (blue line), TICE, against time of year. Fig-
ure 5 also displays the probability of PSC detection based
on the k-means detection algorithm applied to POAM III ob-
servations (black line). The latter also includes additional
regions identiﬁed using the ZMIN quality ﬂag (reducing the
underestimation of Type II PSC). It should be noted that the
values in Fig. 5 are the probabilities of PSC occurrence at
18km derived over a 10 day interval. This methodology
should provide accurate values of both PSC occurrence and
temperature threshold crossings, but the daily values plotted
will not be independent. Statistical uncertainties are calcu-
lated as a three-standard-deviation envelope around each of
the average series (displayed, for reference purposes, on the
ﬁfteenth day of each month). Note that problems with the
POAM III instrument and quality control procedures pro-
duce data gaps in several years observations, most notice-
ably 2004 (see Fig. 5). Examination of Fig. 5 shows the
expected increase in PSC incidence from June to Septem-
ber and a general reduction in occurrence after this date as-
sociated with changes in temperature, nitric acid and water
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Fig. 5. The probability of temperatures below the TNAT threshold derived from Met Ofﬁce analysis and using the H2O variation derived
from the POAM III observations and a constant nitric acid mixing ratio of 10ppbv (red line), the probability of temperatures below the TSTS
threshold (green line),the probability of temperatures below the TICE threshold (blue line) and the probability of PSC derived from POAM
III extinction measurements (black line) against time of year for the 8 years of POAM III observations. It should be noted that this is the
probability at 18km derived over a sliding time window of 10 days. The vertical lines on the ﬁfteenth of each month display the plus and
minus three standard deviations for each probability. Note that the tick marks on the date axis indicate the ﬁrst day of the month.
vapour concentrations. However, comparison of the PSC oc-
currence predicted from temperature threshold crossings and
those derived from POAM III extinction data do not corre-
spond within the deﬁned uncertainties in several regions.
Averaged over the entire period identiﬁed the TNAT tem-
perature threshold derived from Met Ofﬁce analyses predicts
more PSC than observed by POAM III. This is to be ex-
pected because Type Ia PSC formation requires average tem-
peratures below the TNAT threshold for a period. The exact
temperaturevaluerequiredvariesdependentonwhetherNAT
only forms by heterogeneous nucleation on pre-existing ice
particles, requiring temperatures below TICE (Carslaw et al.,
1994), or NAT nucleation mechanisms independent of the
existence of ice particles (Hitchman et al., 2003; Pagan et al.,
2004; Svendsen et al., 2005). The POAM III observations
predict between 60 and 85% of the occurrence identiﬁed by
the TNAT temperature threshold in all the years except 2004
where only 45% of the PSC predicted by the TNAT threshold
is observed. Comparison of the PSC occurrence observed by
POAM III and identiﬁed by the TSTS temperature threshold
displays a better correspondence, but this threshold still over-
estimates the quantity of PSC. It should be noted that this re-
sult concurs with recent CALIPSO observations detailed in
Pitts et al. (2007) which suggest that the TSTS temperature
threshold may be a better measure of PSC existence than the
TNAT threshold. Inspection of the frequency of PSC occur-
rence identiﬁed by the TICE threshold derived from analyses
and the POAM III frequency suggests the TICE occurrence
generally signiﬁcantly underestimates the quantity of PSC
observed by POAM III.
Close examination of Fig. 5 indicates that, during certain
years (speciﬁcally 1999 and 2002 to 2005 inclusive), the ob-
served quantity of PSC in June is greater than that predicted
from TNAT and TSTS temperature thresholds alone. Analysis
(not shown here) indicates that this pattern does not change
signiﬁcantly even if the nitric acid mixing ratio is increased
to 15ppbv; this change would make the temperature thresh-
old warmer and thus easier to cross. It is also noticeable that
at all other periods of the year the probability of PSC oc-
currence from POAM III measurements is smaller than the
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expected value based on the proportion of observations be-
low the TNAT threshold. The probability of PSC occurrence
based on the TICE temperature threshold does not exceed the
probability of occurrence based on POAM III observations in
any of the eight observational years until after mid-August.
Comparison of PSC occurrence based on POAM III obser-
vations with the quantity of Met Ofﬁce analysis data below
the TSTS threshold shows a greater, but not perfect, corre-
spondence which is generally best between the start of July
and the start of September. It should be noted that the tem-
perature thresholds determined account for variations in the
water vapour mixing ratio based on POAM III observations,
but that the nitric acid is held constant at 10ppbv. Previous
studies suggest that the difference between the occurrence
probability based on POAM III observations and those based
on temperature thresholds later in the season is due to den-
itriﬁcation and dehydration (Nedoluha et al., 2003; Alfred
et al., 2007). Thus, the ﬁxed nitric acid concentrations used
in Fig. 5 are likely to explain some of the over-estimation ob-
served after June. Note also that while not shown here Type
IaPSCsareidentiﬁedalmostexclusivelybytheunsupervised
clustering algorithm in June and early July in all years.
As previously indicated NAT particles probably normally
form at temperatures several degrees colder than TNAT
(Tabazadeh et al., 2001) or at even lower temperatures
(Carslaw et al., 1998). Therefore, a high probability of PSC
formation would not be expected in June even if the probabil-
ity of temperatures crossing the TNAT temperature threshold
was relatively large unless a mechanism for Type Ia cloud
formation that requires temperatures only below TNAT ex-
ists. This study examines whether the enhanced PSC occur-
rence observed can be explained by gravity wave motions. It
should be noted that previous work by Saitoh et al. (2006)
has identiﬁed a similar enhanced PSC occurrence in June
2003 compared to that identiﬁed by temperature thresholds
using ILAS-II data. An enhanced level of PSC occurrence in
June 2003 was also observed and modelled by H¨ opfner et al.
(2006). Their study showed that only heterogenous nucle-
ation on ice formed in mountain waves could reproduce the
observed PSC morphology. This analysis has also recently
been conﬁrmed by AIRS observations discussed by Ecker-
mann et al. (2009).
Poole and Pitts (1994) have examined the relationship be-
tween PSC frequency and temperature previously and shown
that PSC formation in the Southern Hemisphere is less likely
later in the PSC season than earlier. Other studies, such as
Mergenthaler et al. (1997) have suggested that PSC forma-
tion late in the PSC season in the Southern Hemisphere is
strongly affected by the preceding denitriﬁcation and dehy-
dration which ﬁts with the observations displayed in Fig. 3
and 5. Saitoh et al. (2006) also suggests that PSC frequency
depends on the degree of denitriﬁcation later in the season.
Their study also indicates that TNAT is not a good measure of
PSC occurrence especially above 20km in late winter.
A potential explanation for the differences between the
PSC occurrence rates derived from temperature thresholds
using Met Ofﬁce analyses and those derived from POAM III
extinction data could be seasonally varying biases in the Met
Ofﬁce observations. For example, a warm bias in the Met
Ofﬁce temperatures in June would produce lower PSC oc-
currence rates than the true values which might explain the
discrepancies observed in some years in this period. Figure 6
therefore compares Met Ofﬁce analyses and CHAMP RO
temperatures at the POAM III sampling latitudes (see Fig. 1).
It should be noted that studies by Parrondo et al. (2007) and
Luntama et al. (2008) have previously shown that CHAMP
observations provide good estimates of the background tem-
peratures which can be used to identify issues in reanaly-
ses datasets. Figure 6 displays time-altitude contour plots of
the median temperature observed by Met Ofﬁce analyses and
CHAMP RO observations in 2005. The black contour line in
both panels of Fig. 6 displays the 195K contour line from
the Met Ofﬁce analyses for reference purposes. In this case,
Figure 6 is used to identify whether the increased TNAT oc-
currenceprobabilityobservedinJune maybeassociatedwith
biases between the temperatures identiﬁed in the Met Ofﬁce
analyses and the CHAMP RO observations. We remove the
effect of gravity wave perturbations on the CHAMP RO ob-
servations by using a 4th order polynomial ﬁlter. Examina-
tion shows a good correspondence between CHAMP RO and
Met Ofﬁce analyses in June, though detailed examination
suggests the CHAMP RO observations are slightly cooler.
In July to August the temperatures differences are negligible
and in September and October the temperatures of the Met
Ofﬁce analyses are slightly cooler than the CHAMP obser-
vations. Over the entire period the mean bias between the
two sets of data is very small (∼−0.08K). Similar analysis
for 2002, 2003 and 2004 shows mean differences of −0.24,
0.2 and 0.47K, respectively. The similarity of the bias in
each year compared to the change in the difference between
the estimated PSC occurrence based on temperature informa-
tion and POAM III observations suggests that the difference
can not be solely explained by bias in the Met Ofﬁce temper-
atures.
This study now examines the potential of gravity waves
to cause more temperature threshold crossings than expected
fromthemeanrepresentedbyMetOfﬁceanalysesandinpar-
ticular attempts to identify whether the enhanced PSC fre-
quency in June may be associated with temperature varia-
tions that are not resolved in the Met Ofﬁce analyses. To
examine this we use high vertical resolution measurements
made by the CHAMP RO instrument available between 2002
and 2005. It should be noted that the CHAMP observa-
tions are not dense enough to directly identify the presence of
gravity waves at POAM III measurement locations and thus
we are limited to examining temperature threshold crossing
frequencies.
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Fig. 6. Time-altitude contour plot of the median temperature (Kelvin) derived from Met Ofﬁce analysis (top panel) and CHAMP radio
occultation observations (bottom panel). The black contour line in both panels displays the 195K contour line from the Met Ofﬁce analysis.
Note that the tick marks on the date axis indicate the ﬁrst day of the month.
We begin by displaying a single CHAMP temperature pro-
ﬁle observed on 2 June 2006 (see Fig. 7). Figure 7 also dis-
plays the mean temperature derived by applying a 4th or-
der polynomial ﬁt to the CHAMP observations (red line) and
the TNAT (blue line) and TICE (blue dashed line) temperature
thresholds. This temperature proﬁle displays a clear wave-
like structure. The temperature perturbations associated with
the gravity wave (the difference between the red and green
lines) allow the TNAT threshold to be crossed at around 17km
and between approximately 20 and 21km, while the mean
temperature proﬁle does not cross the TNAT threshold. It
should also be noted that the temperature perturbations, typi-
cally ±2K, do not cross the TICE threshold. This is typical in
CHAMP observations for this period of the year, but periods
where the temperature perturbations associated with gravity
waves allow a crossing of the TSTS or the TICE threshold do
occur. It should be noted that the magnitude of the tempera-
ture perturbations observed corresponds well to those identi-
ﬁed in Innis and Klekociuk (2006). However, the impact of
observational ﬁltering on CHAMP measurements will mean
that these observations under-represent the true magnitude
of temperature perturbations associated with portions of the
gravity wave spectrum. Thus, it is not possible to guaran-
tee that the true minimum temperatures are not signiﬁcantly
cooler than those observed. The analysis in Lange and Ja-
cobi (2003) suggests that CHAMP observations are likely to
provide a lower limit on the impact of gravity waves on PSC
formation. It should also be noted that while not perfect the
relatively high resolution of CHAMP data in the vertical and
horizontal resolution compared to model resolution does al-
low ﬁne-scale structure not observed in analyses to be exam-
ined (Juarez et al., 2009).
Figure 8 displays temperature distributions relative to
TNAT taken from CHAMP RO observations at 18km for dif-
ferent months and latitudinal bands. The aim of Fig. 8 is to
show the temporal and latitudinal structure of temperatures
conducive to PSC formation unhindered by the POAM sam-
pling pattern and to be of use for comparisons with Fig. 5.
Given the relatively small number of CHAMP proﬁles in
each month observed poleward of 60◦S, generally less than
700, we have used coarse ten degree wide latitudinal bands to
ensure signiﬁcant numbers of points in each histogram. The
use of these wide regions make it more difﬁcult to compare
directly with the Met Ofﬁce analyses, but given the limited
intra-monthly CHAMP data and the more detailed analysis
discussed later we believe this is not a signiﬁcant issue. This
coarse latitudinal sampling also has the beneﬁt of reducing
any affects associated with a distorted vortex. Examination
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Fig. 7. This diagram shows a CHAMP temperature proﬁle from
2nd June 2006 (green line) and a 4th order polynomial ﬁt to the
CHAMP data (red line). The polynomial ﬁt approximates the mean
temperature observed by CHAMP, the difference between the red
and green lines represents temperature perturbations due to gravity
waves. The blue full, dashed and dotted lines indicate the values of
the TNAT, TSTS and TICE temperature thresholds, respectively.
of Fig. 8 shows a clear latitudinal variation with colder tem-
peratures observed towards the pole. A seasonal variation
with coldest temperatures observed in July and August is
also observable in each latitude band. Examination of the
temperature relative to the TNAT temperature threshold shows
that in July and August at latitudes poleward of 70◦ S nearly
all the temperatures observed are below TNAT. Given that
temperature perturbations associated with gravity waves are
most likely to have a signiﬁcant impact on PSC occurrence
when the climatological mean is close to a PSC temperature
threshold it is important to identify the dates and latitudes
when these conditions occur. These conditions preferentially
occur between 60◦ to 70◦ S in June through August, in the
70◦ to 80◦ S range in August to September and in the 80◦ to
90◦ range in October. Comparison of this variation with the
POAM latitudinal sampling pattern displayed in Fig. 1 shows
a quite good agreement until the end of September. Thus,
while the POAM observations are clearly not representative
of the conditions associated with the whole vortex, as pre-
viously identiﬁed by Pitts et al. (2007) for solar occultation
sampling, they actually follow the region where temperatures
may be conducive for gravity wave induced PSC formation
quite well at this altitude. However, it should be noted that
this correspondence is not perfect and is only relevant to the
TNAT threshold and the POAM sampling does not observe
the Antarctic peninsula in August and September when there
is still a possibility of signiﬁcant gravity wave impacts. The
general consistency of these patterns from year to year is also
clear, with the exception of 2002, on examination of Fig. 8.
A simple comparison of the occurrence of temperatures
below TNAT shows that in June 2002 CHAMP RO obser-
vations occur 29% of the time, Met Ofﬁce analyses have a
mean occurrence of approximately 20% over the month and
the POAM III extinction data suggests an occurrence rate of
roughly 30%. A closer correspondence between the CHAMP
RO and POAM observations is therefore apparent. In 2003
CHAMP RO observations occur 30% of the time, Met Of-
ﬁce analyses have a mean occurrence of approximately 20%
over the month and the POAM extinction data have an oc-
currence rate of roughly 20%. In this case, the CHAMP
RO observations suggest a higher PSC occurrence than the
POAM observations. In 2004 CHAMP RO observations sug-
gest temperatures below TNAT occur 23% of the time, Met
Ofﬁce temperatures are below the NAT threshold about 15%
of the time and POAM III data identiﬁes PSC 19% of the
time. Similar results occur in 2005 with a slightly closer cor-
respondence between the CHAMP RO observations and the
POAM III values. This simple analysis indicates that in some
cases CHAMP RO has the potential to provide better esti-
mates of temperature than those of the Met Ofﬁce analysis.
It is interesting that in other months and latitudinal bands the
probabilities determined from CHAMP RO data are larger
than those derived from POAM III observations. Given the
work detailed in Juarez et al. (2009) the slightly better re-
lationship in each June could be associated with the ability
of CHAMP RO measurements to observe ﬁne-scale struc-
ture not included in analyses. The enhanced PSC occurrence
in the 60◦ to 70◦ latitude range in June may be evidence that
thegravitywave“hotspot”oftheAntarcticpeninsula(Baum-
gaertner and McDonald, 2007; Hertzog et al., 2008) could be
particularly important in this period. Basically, the combi-
nation of mean temperatures close to the TNAT threshold and
large mountain wave temperature perturbations could be im-
portant. The over-estimation of PSC by CHAMP RO obser-
vations in some years in June, notably 2003, could be associ-
ated with a number of possible factors. The over-estimation
could be associated with the fact that temperatures below
TNAT do not necessarily lead to NAT formation straight away
(Peter, 1997). The over-estimation could also be associated
with differences in the spatial and temporal distribution of
CHAMP and POAM III observations. Another possibility is
that the limited longitudinal sampling of POAM III obser-
vations may underestimate PSC in some years. It should be
noted that the consistent over-estimation of PSC frequency
by CHAMP RO compared to that identiﬁed using POAM III
is perhaps expected. More consistent over-estimation of the
true PSC occurrence based on temperature thresholds makes
physical sense given that these thresholds are a necessary but
not sufﬁcient condition for PSC formation.
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Fig. 8. The set of diagrams displayed show the temperature distribution relative to TNAT observed at 18km by CHAMP RO observations
for different months and latitudinal regions (indicated on each diagram). The different color bars represent data from different years, these
being 2002 (dark blue), 2003 (light blue), 2004 (yellow) and 2005 (red).
4 Discussion
As previously indicated temperature biases may explain
some of the differences observed between temperature
threshold crossing frequencies and the frequency of PSC ob-
servedbyPOAMIIIextinctionmeasurements. However, fur-
ther inspection suggests that some features of the data may
point to a role for internal gravity wave temperature pertur-
bations. Figure 9 displays a time-longitude contour plot for
2005 of the probability of PSC formation based on POAM III
observations. Examination of Fig. 9 shows that an enhanced
PSC probability, which relates to the enhancements in June
described previously in relation to Fig. 5, occurs around a
longitude of 300◦ E. This longitude corresponds to the po-
sition of the Antarctic peninsula which has previously been
identiﬁed as a “hotspot” for gravity wave activity (Wu and
Jiang, 2002; Baumgaertner and McDonald, 2007; Hertzog
et al., 2008) and therefore might be a potential region of en-
hanced PSC occurrence. A distinct wavenumber one signa-
ture is observable later in the season which is likely to be
caused by planetary waves.
Thus, the expectation that a region of high gravity wave
activity might be associated with ’enhanced’ PSC occurrence
seems to be conﬁrmed. It should be noted that MIPAS mea-
surements have identiﬁed enhanced PSC occurrence associ-
ated with mountain waves in this area earlier in the same
month in 2003 (H¨ opfner et al., 2006). This suggests that
mountain waves may play a signiﬁcant role in enhanced PSC
formation and that this enhancement may occur frequently in
this region and period. This is supported by the fact that the
time-longitude contour plot for 2003 derived from POAM III
data (not shown) displays a similar pattern to that observed
in Fig. 9. However, it should be noted that the background
temperatures shown in Fig. 8 display a large proportion of
observations close to the NAT formation temperature (TNAT)
in this period. Thus, the observed enhancement is likely to
be a result of both these factors.
As previously indicated Figure 5 shows that during June
the number of PSC observed is greater than expected based
on the occurrence of regions where the TNAT and TSTS tem-
perature thresholds are crossed in some years, most clearly
2002 and 2005 but also for a short period in 2003. A previous
studybySaitohetal.(2006)usingILAS-IIobservationsfrom
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Fig. 9. A plot of the latitude of observations as a function of date
(upper panel) and a date-longitude contour plot of the percentage
probability of PSC observation derived from POAM III measure-
ments (lower panel) for the year 2005. Note that the tick marks on
the date axis indicate the ﬁrst day of the month.
2003 shows a corresponding enhanced PSC frequency com-
pared to that expected based on temperature thresholds. This
is a strong validation of the results presented in this study
since Saitoh et al. (2006) uses the mean plus ﬁve standard
deviations from the ILAS-II aerosol extinction data to iden-
tify PSC, an extremely conservative threshold.
To examine the importance of gravity wave temperature
perturbations on temperature threshold crossings we can use
CHAMP RO observations with and without these tempera-
ture perturbations included. Figure 10 displays the proba-
bility of temperatures below the TNAT temperature threshold
against the probability of the threshold crossing being asso-
ciated with a gravity wave perturbation based on CHAMP
RO observations for 2002 to 2005. The second parame-
ter was calculated by identifying all those temperature pro-
ﬁles where the TNAT threshold was crossed and comparing
whether the TNAT threshold was crossed if only the mean
temperature structure, identiﬁed using a 4th order polyno-
mial ﬁt to the CHAMP proﬁle and thereby removing small
vertical scale motions, was observed. By comparing the
number of threshold crossings associated with the smoothed
proﬁle and the unﬁltered proﬁle we can determine the pro-
portion of TNAT crossings which occur because of tempera-
ture perturbations. Figure 10 suggests that temperature per-
turbationsassociatedwithgravitywavesaccountforapproxi-
mately40%ofTNAT temperaturethresholdcrossingsinevery
June observed (2002 to 2005) and roughly 15% in all other
months and years. It should be noted that only CHAMP pro-
ﬁles in the same latitude region that POAM III observations
examine have been used in this analysis. Figure 10 suggests
that gravity waves may have a signiﬁcant impact early in the
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Fig. 10. Probability of observations of temperatures below the NAT
nucleation temperature TNAT from CHAMP against the contribu-
tion from small-scale wave motions (gravity waves) for different
months indicated in the legend. It should be noted that the individ-
ual points for a particular month relate to data from different years.
PSC formation season when the mean temperature is close to
the TNAT threshold. This may explain the very clear identi-
ﬁcation of mountain waves as the source of PSC detailed in
H¨ opfner et al. (2006). The value for the months other than
June compare extremely well with the estimate indicated in
Innis and Klekociuk (2006) that gravity wave perturbations
inﬂuence PSC formation approximately 15% of the time.
Examination of the quantity of data close to the TNAT
threshold in Fig. 8 corroborates the estimates of the gravity
wave inﬂuence derived in Fig. 10. In particular, when POAM
observes between 65◦ and 70◦ S the quantity is close to 40%
in June and between 10–20% for July to October when ex-
amined at the POAM sampling latitudes. Another interesting
point identiﬁed by a reviewer of this paper is that we can
then infer from Fig. 8 that the gravity wave impact on NAT
nucleation should be around 20% for August and September
above the Peninsula.
Similar analysis to that shown in Fig. 10 for the TSTS and
TICE temperature thresholds shows comparable results; that
is an increased frequency of crossing the thresholds associ-
ated with gravity wave perturbations. However, the seasonal
patterns are shifted towards colder months as might be ex-
pected. In addition, no extra threshold crossings associated
with TSTS and TICE are observed in June. Given that NAT
particles are usually considered to form at temperatures sev-
eral degrees colder than TNAT (Tabazadeh et al., 2001) or at
even lower temperatures (Carslaw et al., 1998) the quantity
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of PSC observed by POAM III is a little surprising and possi-
bly supports studies such as Voigt et al. (2005) which suggest
that there is a mechanism for NAT PSC formation that re-
quires temperatures no lower than a few degrees below TNAT.
But, this result is dependent on the level of observational ﬁl-
tering in CHAMP measurements and could also be impacted
by the constant value of nitric acid assumed in this work.
As previously indicated observational ﬁltering means that
CHAMP RO measurements observe only a portion of the ac-
tual gravity wave spectrum (Lange and Jacobi, 2003). The
ﬁnite spatial resolution of the CHAMP observations means
that any temperature perturbation observed can be thought of
as a spatial average of the temperature perturbations over the
satellite’s weighting function. This spatial averaging thereby
reduces the variance observed. The study by Lange and Ja-
cobi(2003)usingasimpleassumedgravitywaveﬁeld, which
has a gravity wave spectrum with constant amplitude in the
range 100–1000km horizontal and 1-10km vertical wave-
length, indicates that about 80% of the total variance is re-
trieved in the worst case when the LOS scans perpendicular
to the wave crests and about 88% when the LOS through the
gravity waves is arbitrarily oriented. Assuming a more re-
alistic vertical wavelength spectrum with a spectral gradient
of -5/3 the mean observed variance reduces by an additional
2-3%. However, PSC formation will be impacted only by
regions where the temperature is sufﬁciently cool for forma-
tion to occur. Thus, since the POAM III instrument is also a
limb sounder (and effectively produces a spatially averaged
extinction) it will observe the integrated affect of a heteroge-
neous temperature ﬁeld on PSC occurrence. Given high res-
olution lidar observations of heterogeneous structures associ-
ated with PSC ﬁelds display clear phase structures related to
gravity waves (Shibata et al., 2003). We would suggest that
the spatial average temperature ﬁeld may be a useful measure
of the PSC formation potential averaged over an area. How-
ever, it should be noted that this measure is by no means per-
fect because the nonlinear hysteresis affect inherent in PSC
microphysics would impact the spatial average.
5 Conclusions
Examination of Fig. 5 shows that PSC occurrence can be rel-
atively well predicted by the presence of temperatures be-
low either the TNAT or TSTS thresholds. This is particularly
true if varying water vapour and nitric acid concentrations
are taken into account. However, in some years more PSC
than might be expected from examination of simple temper-
ature thresholds applied to Met Ofﬁce analyses are observed
in June. The lack of simultaneous nitric acid measurements
means that during periods of denitriﬁcation the temperature
thresholds signiﬁcantly overestimate PSC occurrence, this is
particularly clear in October in several years.
Inspection of the distribution of temperatures relative to
the TNAT threshold shown in Fig. 8 shows that the latitudinal
variation of POAM III measurements means that these values
arenotrepresentativeofthewholevortex, aspreviouslyiden-
tiﬁed by Pitts et al. (2007). However, the POAM III observa-
tions occur in regions where temperatures are conducive for
gravity wave induced PSC formation. When focusing on the
June results examination of the probability of temperatures
below the TNAT threshold based on CHAMP observations
show a slightly improved predictive capability compared to
the PSC occurrence derived from Met Ofﬁce data. CHAMP
RO observations are consistently close or over-estimate the
PSC occurrence measured by POAM III. This makes some
physical sense given that these thresholds are a necessary but
not sufﬁcient condition for PSC formation. This improved
correspondence may partially be associated with a warm bias
in the Met Ofﬁce temperature data compared to CHAMP RO
measurements.
Analysis of the CHAMP temperature observations sug-
gests that temperature perturbations associated with grav-
ity waves are likely to be important in explaining the en-
hanced PSC incidence observed in June. Examination of the
longitudinal structure in June 2005 also shows that the en-
hanced PSC occurrence is close to the Antarctic peninsula,
a known mountain wave “hotspot”. Analysis also suggests
that the temperature perturbations produced by gravity waves
are most important early in the Antarctic winter, but have
a smaller effect later in the winter. However, it should be
noted that the ’enhanced’ PSC occurrence in June is likely
to be associated with both strong temperature perturbations
associated with mountain waves and temperatures hovering
slightly above the TNAT temperature threshold. The lower
values later in the winter are likely to be affected by the
cooler background temperatures making extra temperature
threshold crossings more unlikely and the reduced magni-
tude of gravity waves perturbations observed as POAM III
begins to sample poleward of the peninsula.
Based on Fig. 10 temperature perturbations associated
with gravity waves contribute to the formation of about 15%
of the TNAT threshold crossings observed, a value which cor-
responds well to the value derived in Innis and Klekociuk
(2006). It is important to note that the values derived from
CHAMP data may be underestimates because of observa-
tional ﬁltering and thus should be considered conservative
estimates. Studies which focus on ozone depletion in the
early period of the Antarctic winter may need to be aware
or parameterize for the effect of gravity waves on PSC for-
mation. In the future we aim to complete a more conclusive
study by using measurements from CALIPSO and the COS-
MIC satellites.
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